A theoretical model for predicting Schottky-barrier height of the nanostructured silicide-silicon junction.
A theoretical model for predicting Schottky- In this work, we have performed the first-principles calculations to investigate the Schottky-barrier height (SBH) of the various nanostructured silicide-silicon junctions. As for the silicides, PtSi, NiSi, TiSi 2 , and YSi 2 have been used. We find that E FiF = E Fi − E F , where E Fi and E F are the intrinsic Fermi level of the semiconductor part and the Fermi level of the junction, respectively, is unchanged by nanostructuring. From this finding, we suggest a model, a symmetric increase of SBH (SI) model, to properly predict SBHs of nanostructured silicide-silicon junctions. We also suggest two measurable quantities for experimental validation of our model. The effect of our SI model applied to nanostructures such as nanowire and ultrathin-body is compared with that of the widely used previous SBH model. Schottky -barrier (SB) metal-oxide-semiconductor field-effect-transistors (MOSFETs), which have metallic source/drain (S/D) instead of heavily doped semiconductor, have been regarded as one of the most promising candidates for the future electronic devices [1] [2] [3] [4] [5] [6] . As the size of devices has continued to shrink to the nanoscale, high parasitic resistance and capacitance caused by the shallow junction have become an inevitable problem. The metallic S/D of nano-scaled SB-MOSFETs is of benefit to solve this problem. Moreover, these devices have other merits such as low-thermal budget and sharp interfaces between the metal and semiconductor.
The main obstacle in developing SB-MOSFETs is their low ON-state current (I ON ) [7] [8] [9] [10] . This is because, unlike the conventional MOSFETs, electric current flows through quantum tunneling effect at the junction such that I ON decreases exponentially to the height of SB (SBH, φ b ). To enhance I ON , mainly there are two approaches; one is to replace the channel material with the one that has low effective masses, and the other is to lower the SBH at the interface between the metal and the semiconductor. According to the previous theoretical works 8, 10 , the SBH reduction seems more effective than the channel material engineering for enhancing I ON . In particular, Guo et al. 8 showed that I ON of ultra-thinbody (UTB) SB-MOSFETs becomes comparable to that of conventional UTB MOSFETs when SBH becomes negative.
Not much progress has been made in modeling of SBH of the nanostructure during the last few decades. Almost all theoretical models on SB describe SBH of bulk junction (φ ) with empirical parameters rather than predicts SBH from first principles. Indeed, understanding on SBH of the nanostructure is still in an early stage. due to the increment of the band gap (E g ) by the quantum confinement effect 11, 12 . In the previous studies [8] [9] [10] , φ
Nano b
have been defined by φ Nano bp(n) = φ Bulk bp(n) + E QV(C) , where φ bp(n) is SBH for holes (electrons), and E QV(C) is the quantization energy of valence band (conduction band). Because E QV = E QC in general, we call this model "asymmetric increase of SBH (AI) model" hereafter. Although the AI model for the nanostructures provides intuitive and empirical understanding to some observations, it has never been validated experimentally nor verified by a rigorous theory. Namely, the study on SBH of the nanostructured junction is still lacking.
13
In recent years, a number of studies have attempted to calculate SBH by using the density functional theory (DFT) 11, 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Unlike the classical models such as Schottky-Mott (SM) rule 25, 26 and metal induced gap states (MIGS) model 27, 28 , the DFT method has the merits of considering and examining interatomic effects between semiconductor and metal atoms. While most of the DFT studies on SBH focused on bulk junction, E. Montes et al. 11 and U. Landman et al. 12 have demonstrated a DFT calculation for a nanostructured junction and showed that φ . In this work, we perform the DFT calculations for various nanostructured silicide-silicon junctions to investigate their SBHs. As for the silicides, PtSi, NiSi, TiSi 2 and YSi 2 are used. Due to the well-known band gap underestimation problem of DFT calculations, we focus on the change of SBHs from the bulk to the nanostructured junctions rather than to find absolute values of SBH. The main purpose of this investigation is to explore the relationship between φ , and to provide a model to predict SBH of nanostructured silicide-silicon junction.
For this purpose, we used the SIESTA package 29, 30 . The generalized gradient approximation (GGA) is applied for the exchange-correlation energy functional, as proposed by Perdew, Burke, and Ernzerhof (PBE) 31 .
Troullier-Martins type of normconserving pseudopotential 32 with scalar-relativistic correction, double-ζ singly-polarized (DZP) pseudo atomic orbital basis set, and 100 Ry of cutoff energy for electron density are used. The atoms are relaxed until the maximum force on any of the atoms becomes less than 0.04 eV /Å.
The silicide-silicon junctions are modeled using the supercell approximation, which consists of large silicon and silicide parts in the unit cell (see Fig. 1 ). It is assumed that PtSi and NiSi have orthorhombic crystal structures, and TiSi 2 and YSi 2 have base-centered orthorhombic (C49 phase) and hexagonal AlB 2 crystal structures, respectively. For modeling the bulk junctions, we assume that the lattice constant of each silicide is adjusted to match that of the bulk Si. The averages of the lattice mismatches along y-and z-axis are 8, 1, -7 and 6 % for PtSi, NiSi, TiSi 2 , and YSi 2 , respectively. The lattice constant along x-axis is chosen when the total energy is minimized. In the case of the UTB structure, Si orientation may be differently applied for different silicide to minimize the lattice mismatch; for example, we use Si (100)/[001] for PtSi and NiSi, and Si (100)/[011] for YSi 2 and TiSi 2 , respectively, where (lmn)/[lmn] denotes the transport/confinement directions, respectively. Note that one should carefully choose the confinement direction of the silicide not to change its work-function compared with that of the bulk. Dangling bonds on the surface of Si part were passivated with hydrogen atoms.
When considering the relationship between SBH and silicide work-function (Φ MmSin ) as shown in Figs. 2 and 3, it is no wonder that variation in the work-function produces large change in SBH. Therefore, we shall not comment on a change in the work-function caused by the structural variation of the silicide.
We obtain the theoretical SBH for hole (φ bp ) by finding the difference between the Fermi level (E F ) and the valence band maximum energy (E VBM ) of silicon atoms farther away from the decay length of the in-gap state at the junction. φ bp is defined by the following equations; and Φ MmSin is less than that predicted by the SM rule. Note that the calculated S parameter of the bulk (0.22) is comparable to the experimental value of 0.36 in spite of 51 % of band gap error that GGA calculation has. We can therefore remark that the DFT approach is appropriate to describe the change of SBH. Fig. 3 presents the theoretical φ bp of the bulk and nanowires (NWs) with a diameter (d) of 1.0 and 1.5 nm, respectively. Due to the confinement effects, the smaller structure, the higher SBH shows. We pay a particular attention to the observation that the S parameters of the bulk and NWs are quite close to each other (0.22 for bulk, 0.18 for 1 nm NWs, and 0.22 for 1.5 nm NWs) although there is a significant difference in their atomic structures as shown in Fig. 1 . This insensitivity of S on the size of the junction can be interpreted as insensitivity of SBH on the size change of each silicide because, for a given silicide, it was found that work functions of all nanostructures are the same as that of the bulk. To confirm this, we redraw SBH as a function of the band gap of each structure.
SBHs for hole of PtSi-Si and YSi 2 -Si junctions almost perfectly change linearly with respect to the band gap of the nanostructured Si, as Fig. 4 shows. The slope for both PtSi and YSi 2 are 0.5, which leads to the most important message of this study that E FiF = E Si Fi − E F is constant regardless of the size of nanostructures. E FiF depends only on the kind of silicides, therefore SBH of the nanostructured junction is predictable if we know E FiF and band gap of the nanostructured Si. The constant E FiF is observed in both the p-type (PtSi) and n-type (YSi 2 ) silicides.
From the above observation, we suggest a model to predict φ 
where E Nano g and E
Bulk g
are band gaps of the nanostructured and bulk semiconductors, respectively. We call this are exactly the same in this model (see Fig. 5 ). Fig. 5 illustrates the schematic band diagrams of the bulk and nanostructured junctions to compare the AI model with the SI model. In both models, the band gap increases by nanostructuring have the same value and are determined by the well-known quantum confinement effect. When a junction is formed in the nanostructure, the main difference between the two models is that E Fi 's of the nanostructured junction and bulk junction are the same (i.e. E between the two models;
This disparity raises questions as to which model is more relevant to nanostructured junction. Unfortunately we were not able to find the experimental results proper to test the theoretical models, but we propose a method to test them as will be mentioned shortly.
To verify the plausibility of our SI model, we compare it with other empirical models, the MIGS model and the SM rule. We find that both the models are indeed commensurate well with the SI model, whereas there is no such relevance with regard to the AI model. Firstly, the non-ideal φ bp by the MIGS model is given by
where E CNL is the charge neutrality level (CNL) of Si. By the Tersoff's theory 45 , it is clear that Φ CNL = E vac − E CNL is independent on the kind of silicide. This agrees with our DFT results in Fig. 1 ) − E CNL } can be replaced by −E F , which corresponds to the Fermi level pinning effect. Then, Eq. (5) can be rewritten as Eq. (2). In the case of the SM rule (S = 1), E F becomes equal in E MmSin and again Eq. (2) is applicable. The connection between the SI model and the well-known classical models is by no means a coincidence.
Any proposed theoretical model should be validated against experimental data. However, we were not able to find enough set of experimental data for the validation. Instead, we suggest the following two physical quantities that can be measured in experiments and can be used to judge whether the SI model is more relevant to nanostructured junctions than the AI model. They are , where J 0 is the saturation current density. Fig. 6 shows the predicted results from the SI and AI models for Si and InAs, where the data were obtained by numerical calculations by the sp 3 d 5 s * empirical tightbinding (TB) method.
In Fig. 6 , the SI model gives dφ bp(n) dEg = 0.5 for both Si and InAs, which is a direct consequence from the assumption of the SI model (see Eq. (3)). On the other band, the AI model gives 
where the relation ∆E g = E QC + E QV is used. Note that dφ bp dEg + dφ bn dEg = 1 for both the SI and AI model. The second quantity we propose to measure in experiments involves J 0 . As the extrapolated value of the cur- * TB method is adopted with Boykin's parameters 47, 48 and temperature is assumed to be 300 K.
rent density at zero voltage in the SB diode, it is a parameter to assess the electrical properties of the metalsemiconductor interfaces. As shown in Fig. 6 , J 0 decreases exponentially as E g or φ bp(n) increases. Notice that the ratio between J 0 's from the two models becomes exponentially large. In particular, it reaches as much as 3.7 × 10 3 and 6.2 × 10 8 for the Si and InAs NWs (d = 1.0 nm), respectively. The large difference in J 0 's may signify the difference between the two models. In the SI model, 
In conclusion, we have constructed a theoretical model , they would be 0.5 (unitless) and -8.4 (dec/eV ), respectively, regardless of the kind of semiconductor materials. Experimental studies of SB for nano systems are extremely hard because of difficulty of systematic controlling and fabrication. We believe that our proposed model will improve the understanding of the SB formation mechanism, and guide experiments for improved SB-MOSFET developments.
